Pressure-volume relationships for the total respiratory system and for the lung were recorded in anaesthetized and paralysed patients, during deflation from an airway pressure of 3 kPa to FRC at a rate of 2 litre min" 1 . Pleural pressure was estimated by means of an oesophageal balloon. A group of nine female patients (mean age 32.7 yr) about to undergo laparoscopy were each studied in four successive states: supine, 15° head down tilt, tilt and lithotomy position, and again in this position after abdominal inflation with nitrous oxide to a pressure of 0.8-1 kPa. Compliance values were calculated from the curves. Mean total compliance was increased significantly by moving to the lithotomy position, and reduced markedly after inflation of the abdomen, because of a large reduction in thoracic compliance. Mean lung compliance was unaltered, except for a slight but statistically significant increase on moving from the supine to the Trendelenburg position. Measurement of FRC by helium dilution in a group of seven patients showed that abdominal inflation caused a mean decrease of 19%. Airway closure manoeuvres were carried out using a helium bolus technique from FRC in five patients, but closing volume could be measured in only one patient, in the supine position. The absence of an inflexion in the slope of the pressure-volume curves for the other patients supported this negative finding.
Although cardiovascular and blood-gas changes associated with laparoscopy have been studied extensively, information about the effects of this procedure on the mechanics of breathing is scanty. More knowledge of changes produced in the lung and chest wall may contribute to an explanation of the diverse cardiovascular and respiratory effects that have been reported. Alexander, Noe and Brown (1969) used an impedance method for the detection of respiratory movements, to show that diaphragmatic movement and total respiratory compliance were reduced following inflation of the abdomen. Kelman and his colleagues (1972) found, in anaesthetized subjects, that oesophageal pressure increased progressively as intra-abdominal pressure was increased, and that the dynamic compliance of the respiratory system decreased.
Passive tension of the diaphragm is said to have an inspiratory effect (Goldman and Mead, 1973) , and the effect of increased intra-abdominal pressure in the anaesthetized subject is likely to be complex, since changes in lung volume are associated with changes in static lung recoil and in lung compliance (Westbrook et al., 1973) . The changes may influence the relationship between closing capacity (CC) and func-tional residual capacity (FRC), a relationship that has been shown to influence the efficiency of arterial oxygenation in conscious subjects (Craig, Wahba and Don, 1971) and in anaesthetized patients (Weenig et al., 1974) .
This study was designed to investigate the changes in lung and thoracic compliance (C 1 and C th ) that occur with changes in posture, and after peritoneal insufflation preceding laparoscopy. In addition, measurement of closing volume was attempted in some patients, and FRC was measured before and after insufflation in a further group of patients to allow more exact interpretation of the compliance changes observed in the first group of patients.
METHODS
Two groups of patients were studied. All were about to undergo laparoscopy for gynaecological procedures and had given their informed consent for the investigation. Forced vital capacity (FVC) and the forced expiratory volume in one second (FEV X ) were measured before the procedure, with the patient standing, using a dry wedge-type spirometer (Vitalograph) . The values were converted to BTPS and expressed as a percentage of the values predicted for patients of the same age and height (Cotes, 1975) .
Premedication was with either diazepam 10 mg orally or an opiate i.m. Atropine 0.6 mg was given either i.m. with the premedication or i.v. immediately before anaesthesia. Anaesthesia was induced with thiopentone 250-500 mg i.v. and the trachea was intubated with a cuffed tube with the aid of suxamethonium 50 mg i.v. Immediately after tracheal intubation, a tracheal tube was inserted into the oesophagus to facilitate the introduction of an oesophageal balloon and catheter. Ventilation of the lungs with halothane 1-2% in a mixture of 70% nitrous oxide in oxygen was carried out until spontaneous breathing returned. The patient then breathed the same mixture from a Magill circuit ( fig. 1) . The oesophageal balloon was of thin rubber, 10 cm long and 3 cm in circumference, sealed over the end of a catheter (100 cm long, 1.5 mm i.d.) with multiple holes along the portion within the balloon. These holes allowed accurate transmission of the pressure within the small expanded portion of the balloon, which would only be at the point where the pressure in the oesophagus outside the balloon was least (Milic-Emili, Mead and Turner, 1964) . The balloon was passed into the oesophagus through the endotracheal tube that had been placed there, and emptied of air by opening the catheter to atmospheric pressure at the same time as the patient's lungs were inflated artificially. Then 0.2 ml of air was introduced into the balloon, and the catheter connected to one side of a differential manometer (Furness MDC).
Airway pressure was measured from a side-tapping on the connection to the endotracheal tube, and attached to the other side of the manometer. A tap system allowed either oesophageal (P oe3 ) or airway (P aw ) pressures to be measured relative to atmospheric pressure, or transpulmonary pressure (P tp ) to be measured as (P aw -P oes )-The manometer was calibrated on each occasion with a water manometer.
When the patient started to breathe spontaneously, the position of the balloon in the oesophagus was adjusted so that P oes at end-expiration was least, and cardiac artefacts on the pressure trace were minimal. In the first group of patients, tubocurarine 20-30 mg i.v. was given to abolish spontaneous breathing and manual artificial ventilation was started. Measurements were started when stable anaesthesia had become established, usually about 10 min later.
The apparatus used for the measurements in the first group is shown in figure 1 . The deadspace of the Magill system was increased slightly by the presence of tap B between the spill valve and the patient connection. Measurement of closing volume (CV) and compliance started with the patient at endexpiration, after the lungs had been maximally inflated to ensure a constant volume history. The spring-loaded clamping cylinder (Dewrance) was filled by means of tap A with 200 ml of helium at a supply pressure of 25 kPa. Tap B was turned to connect the patient to the narrow-bore tubing, and the spill valve opened fully to allow the fresh gas flow into the anaesthetic circuit to escape. Tap A was then moved to release a bolus of helium from the clamping cylinder, through a restrictor, into the patient connection, and inflation of the patient's lungs was continued by turning tap C to connect the fresh gas flow directly to the patient ( fig. 1B) . Airway pressure was monitored by means of an anaeroid gauge on the airway pressure connection to the manometer. When the airway pressure became 3 kPa, tap C was turned again and the fresh gas flow diverted to the spill valve. Using a fresh gas flow of 7 litre min" 1 , inflation to this pressure took about 15 s. Deflation was carried out by opening tap D and starting the diaphragm pump (Charles Aitken Dymax Mk II). This pump generated a flow rate of about 2 litre min" 1 , which was not affected by the pressure in the airway, and discharged the expired gas into a water-sealed bell spirometer that had been modified to give an electrical signal. In this way, expiratory flow rate was controlled at a constant small value, and the expired volume was measured. The helium concentration of the expired gas was measured at the mouthpiece by means of a mass spectrometer (Centronic). The sampling rate of the probe was small and had a negligible effect on the measurement of expired volume.
P tv and expired helium concentration were displayed simultaneously against expired volume on an X-Y oscilloscope (Telequipment SE52B) and the trace photographed with a polaroid camera. Separate plots were made of helium concentration, P aw and P oes , against expired volume on an X-Y plotter (JJ PL 100). Total respiratory compliance (C tot ) and lung compliance were estimated using the plots of P aw and P tp against volume. The average slope of the curve was taken by eye, from 20% to 80% of the volume range of the record ( fig. 2 ). Thoracic compliance was calculated from these values (1/C th = 1/C tot -1/Cj). P oes at FRC, at the end of the manoeuvre, was also measured from the P tv plot, by taking the value of P tp when P aw was zero. Closing volume was measured, when present, from the Polaroid photograph or from the X-Y plot, as the volume from the inflexion of the alveolar plateau to the end-expiratory position ( fig. 3 ). Patients were studied first in the supine position, then after the operating table had been tilted 15°h ead-down (Trendelenburg), then after the legs had been raised in lithotomy stirrups (lithotomy), and last after inflation of the peritoneal cavity with nitrous oxide to a pressure of 0.8-1 kPa through a Verres needle. The degree of inflation was that judged by the operator to be adequate for the procedure. The positions were always studied in this sequence, and the table remained tilted for the lithotomy position and the inflated state. Several measurements were made in each position, and X-Y plots of both P aw and P tv against lung volume were made. The mean value was taken from the compliance estimates from each trace.
Closing volume
In the second group of patients, FRC was measured by the helium dilution method. The apparatus used was very similar to that described by Hewlett and others (1974) , except that ventilation was by manual compression of a self-inflating rubber bag. Helium was measured with a katharometer, and the output displayed using a digital voltmeter. The gas passing through the katharometer was first passed over soda-lime, silica gel and activated charcoal granules. This arrangement allowed the helium measurements to be used without the need to correct for the presence of halothane, and was shown to be completely effective even after 2% halothane vapour had been passed through the assembly for 2 h.
These patients were studied in the lithotomy position, with the table tilted 15° head-down, before and after the inflation of the abdominal cavity to 0.8-1.0 kPa. At least lOmin elapsed between the measurements. In these patients, anaesthesia was maintained with halothane in oxygen, and pancuronium 4 mg was used to obtain respiratory paralysis. Halothane was not administered during the measurement of FRC. The volume of the spirometer was measured on each occasion by serial dilution. In all the patients in this group, oesophageal pressure at FRC was measured, and in five of the patients intragastric pressure was measured also by the insertion of another balloon into the stomach.
RESULTS
Details of the first group are shown in table I. None of these patients weighed more than 110% of the expected value. Although two patients had vital capacities outside the expected range, the discrepancies were small. Details of the second group are given in table II. Three patients weighed more than 110% of the expected value, but the weights (as percentage expected) of this group were not significantly different from the first. There were no significant differences between the groups in respect of age or height (Student's t test). Figure 4 shows plots of transpulmonary pressure against expired volume for an individual patient in each of the four periods of study. The relationship between pressure and volume is not a straight line; it is clear that any measurement of compliance will vary with the range and position chosen for the measurement. However, there is little difference in the pattern of the plot for the first three periods. The curve plotted after inflation of the peritoneal cavity shows that the relationship had changed. At lung volumes near FRC lung compliance was greater than before inflation, and it was less than before when the lungs were in the inflated state. Table III shows the compliance values measured from the plots of P aw against volume (C tot ), and from P tv against volume (Cj), and the derived values for C tb for the four states studied.
The mean value of C tot did not change significantly when 15° head-down tilt was applied. Mean Q showed a slight but statistically significant increase, and mean C th decreased, but this change was not statistically significant.
Inflation of the abdomen caused a marked decrease in the mean values of both C tot and C th that was highly significant statistically. The mean value of C l did not change significantly, with five patients having an increase in C, and four a decrease. Table IV gives the oesophageal pressures at FRC for the individual patients in the four states studied. Changing from one position to the next did not cause a significant change in these values. The range of changes in P ws after inflation of the abdomen was considerable.
A closing volume inflexion on the helium washout trace could be detected with certainty in only one position for one patient of the first five in whom this measurement was performed ( fig. 3 ). This was patient 7, in the supine position. No further closing volume studies were done. Results obtained in the second group of patients are shown in table V. Abdominal inflation caused a consistent reduction in FRC from a mean value of 1857 ml to a mean value of 1509 ml, and an increase in gastric pressure. P oes showed a range of changes similar to those in the first group of patients.
DISCUSSION

Pleural pressure
Estimation of pleural pressure by means of an oesophageal balloon is liable to inaccuracy in the supine subject, probably because of the weight of the mediastinum (Knowles, Hong and Rahn, 1959;  Milic-Emili, Mead and Turner, 1964; Milic-Emili et al., 1964) . A balloon of the size employed in this study is the least liable to artefact, and is most reliable if placed in the middle third of the oesophagus. Inaccuracy of pressure estimation is most likely when the lung volume is less than 20% of the vital capacity greater than the residual volume. In anaesthetized patients, FRC is hkely to be near to this value (Westbrook et al., 1973; Wyche et al., 1973) and consequently the pressure-volume curves were analysed over the central portion of the curve only, where lung volumes would be greater than this value.
Changes in pleural pressure, rather than absolute values, are estimated accurately by the oesophageal balloon technique (Trop, Peeters and Van de Woestijne, 1970) . In the supine subject, the site from which pressure is transmitted from a long balloon, such as was used in this study, changes frequently and results in better reproducibility of lung compliance measurements (Trop, Peeters and van de Woestijne, 1970) .
Compliance
Pressure-volume curves in this study were recorded during expiration at a constant flowrate of about 2 litre min" 1 , which is much less than that employed in other studies (Ingram, O'Cain and Fridy, 1974) . Any error in the measurement of compliance will be the result of a change in airway resistance, changing the component of transpulmonary pressure that is responsible for flow. This component would be about 7 Pa if airway resistance were normal (Cotes, 1975) . If, during anaesthesia, airway resistance were five times greater than this, and changed by 75% over a volume range of 1.8 litre, the compliance value obtained would still only differ from the static compliance by less than 1%.
Previous studies (Glaister et al., 1973; Ingram, O'Cain and Fridy, 1974; Demedts et al., 1975) suggest that an inflexion occurs in the pressurevolume (PV) curve when airway closure occurs, and that this cannot be the result of dynamic compression of small airways. No inflexion was found in the PV curves obtained in the present study. This is consistent with the failure to detea airway closure in all but one of the five patients studied.
Compliance in the different positions may have been measured at different lung volumes and over a different volume range. Because inflation was to a fixed airway pressure, the volume range was limited after abdominal inflation. Changes in FRC between 22 the first three positions were probably small, but peritoneal inflation resulted in a consistent decrease of FRC by about 20% in the second group of patients. Inspection of both the total and lung pressure-volume curves showed that they were relatively linear over the measured range, so a change in the position or range on the volume axis would not result in a great change in measured compliance. This assumption is supported by the findings of Westbrook and others (1973) who measured absolute lung volumes. The linearity of the curves also justifies the estimation of C fch from the values obtained for Mean lung compliance was not influenced by abdominal inflation, but considerable variation was found between subjects. Thoracic compliance was greatly reduced by abdominal inflation in all cases.
The values of lung compliance found in this study agree with the values reported in the studies that have been reviewed by Sykes (1974) and Rehder, Sessler and Marsh (1975) . In general, the changes in lung and thoracic compliance that occurred with posture were small and inconsistent, but both mean lung and mean chest wall compliance were increased slightly by placing the legs in the lithotomy position, and the resultant increase in mean total compliance was significant. This change resembles that reported by Safar and Aguto-Escarraga (1959) . Abolition of the lordosis of the lumbar spine is likely to increase the capacity of the abdominal cavity, and thus, in the presence of a relaxed diaphragm, increase the compliance of the thorax.
Closing volume
The original method of measurement of closing volume described by Dolfuss, Milic-Emili and Bates (1967) cannot be used in anaesthetized subjects. Modifications of the nitrogen method (Anthonisen et al., 1969) have been used during anaesthesia, but some workers have found that closing capacity measurements made using positive and negative airway pressures in conscious relaxed subjects differed from estimates made by the subject's own efforts (Gilmour, Burnham and Craig, 1976) . Closing volume can be measured using a bolus helium inhaled from FRC, in both spontaneous manoeuvres and in anaesthetized patients. Figure 5 shows a helium washout trace obtained from a supine anaesthetized subject aged 68 yr, using the method described in this paper.
Airway closure was only detected on a single occasion in the five patients studied. If closing volume was less than FRC, a closing volume would not be found, because inflation of the lungs started at FRC, and exhalation ceased at FRC.
The patients studied were young and would have had small closing capacities (CC). Weenig and others (1974) reported a mean age of 37 yr for patients whose closing volume, measured before anaesthesia, was less than FRC during anaesthesia; and Hedenstierna, McCarthy and Bergstrom (1976) were unable to demonstrate airway closure in three patients out of 20 that they studied during anaesthesia. These patients were young or middle-aged, non-smoking females.
Abdominal inflation caused a reduction in FRC, and airway closure would have become apparent if FRC became consequently less than CC. This did not appear to occur, and may have been because the reduction in FRC was not sufficient. An alternative explanation would be that CC was reduced also. Although previous workers have not demonstrated changes in closing capacity associated with anaesthesia, there is no reason to consider that the forces associated with airway patency are unaltered (Rehder et al., 1977) . Lung recoil increases in anaesthetized patients (Westbrook et al.-, 1973) , which would be expected to increase airway patency. Similar changes in conscious subjects, caused by chest restriction, are associated with a reduction in closing volume (Sybrecht, Garrett and Anthonisen, 1975) , and changes in posture that change FRC cause changes in CV (Craig, Wahba and Don, 1971) .
In the present study, although abdominal inflation caused a consistent decrease in FRC, oesophageal pressure at FRC was not increased consistently, as might be expected if no changes had occurred in lung recoil. This finding suggests that lung recoil increased, although the variation of the changes suggests that artefact may have been present at these low lung volumes.
A further explanation of the failure to demonstrate a closing volume after abdominal inflation is that the increased diaphragmatic tension may have had the same effect as active contraction, which has been shown to cause more homogeneous lung emptying (Roussos et al., 1976) .
Clinical implications
Laparoscopy under general anaesthesia can impair arterial oxygenation (Alexander and Brown, 1969; Baratz and Karis, 1969; Desmond and Gordon, 1970; Corall et al., 1974) , and this may be the result of both respiratory and circulatory factors. The influence of the procedure on the circulation is related to the intra-abdominal pressure produced (Kelman et al., 1972; Smith et al., 1975) , and the gas used for inflation of the abdomen (Marshall et al., 1972a, b) . The findings of the present study suggest that the influence on lung function may be small, and indicate a possible mechanism for the circulatory effects. In most circumstances where artificial ventilation is employed, pathological changes in airway resistance or lung compliance reduce the amount of airway pressure that is transmitted to the pleural surface (Sykes, McNicol and Campbell, 1976) . In contrast, at laparoscopy, the increased airway pressure necessary to maintain artificial ventilation will be transmitted to the pleural surface, because the increased force has to be exerted on a less compliant chest wall. Consequently, the effects of positive pressure ventilation on venous return and cardiac output will be enhanced and could be deleterious. 
RELACIONES DE PRESION-VOLUMEN EN EL PULMON DURANTE LAPAROSCOPIA
SUMARIO
Se anotaron las relaciones de presi6n-volumen para el sistema respiratorio total y para el pulmon, en pacientes anestesiadas y paralizadas, durante la desinflacion desde una presion de via respiratoria de 3 kPa hasta la capacidad residual funcional (FRC) a razon de 2 litro min"
1 . Se calculo la presion pleural mediante un globo esofagal. Se estudio cada una de un grupo de nueve pacientes del sexo femenino (edad promedio 32,7 arios) que estaban por someterse a laparoscopia, en cuatro estados sucesivos: supino, la cabeza gacha a 15° posicion inclinada y de litotomia, y nuevamente en esta posicion despues de la innacion abdominal con oxido nitroso a una presion de 0,8-1 kPa. Se calcularon los valores de elasticidad a base de las curvas. Se aumento significativamente la elasticidad total media mediante el movimiento a la posicion de litotomia, y se redujo notablemente despues de la innacion del abdomen, debido a una gran reduction en la elasticidad toracica. La elasticidad pulmonar media no sufrio cambios, salvo un ligero pero estadisticamente insignificante aumento al mover de la posicion supina a la Trendelenburg. La medicion de la capacidad residual funcional mediante dilution de helio en un grupo de siete pacientes indico que la innacion abdominal causo una disminucion media de 19%. Se llevaron a cabo las maniobras para cierre de via respiratoria empleando una tecnica con bolo de helio de la capacidad residual funcional en cinco pacientes, pero el volumen de cierre pudo medirse en solo un paciente, en la posicion supina. La ausencia de una inflection en la pendiente de las curvas de presion-volumen para los otros pacientes respaldo este descubrimiento negativo.
